1. Introduction {#sec1}
===============

High-fructose feeding is suggested to cause metabolic syndrome characterized by hyperinsulinemia, hyperleptinemia, and insulin resistance, exacerbating the development of type 2 diabetes in rodents \[[@B1]--[@B4]\]. Recent*in vitro* study shows that fructose stimulates insulin secretion in human and mouse islets by directly targeting *β*-cells \[[@B5]\]. Leptin via its signaling affects *β*-cell growth and function and directly suppresses insulin secretion from pancreas to prevent hyperinsulinemia occurrence \[[@B6]\]. Leptin (ob/ob) or leptin receptor (ObR) (db/db)-deficient mice develop islet hyperplasia, which is possibly associated with deficient leptin signaling and consequent insulin action enhancement \[[@B7], [@B8]\]. Protein kinase B/Akt/forkhead box protein O1 (FoxO1) pathway mediates leptin action in pancreas and plays an important role in controlling *β*-cell size and survival \[[@B7], [@B9], [@B10]\]. It has been observed that ObR gene mutation or deficiency in animals with compensatory *β*-cell growth also enhances Akt and FoxO1 phosphorylation \[[@B7], [@B11]\]. Furthermore, pancreatic FoxO1 regulates *β*-cell proliferation and function through inhibiting pancreatic and duodenal homeobox 1 (Pdx1, insulin promoter factor 1) \[[@B8], [@B12]\]. Mutation of FoxO1 in mice can cause insulin hypersecretion and *β*-cell mass, while FoxO1 haploinsufficiency partially restores *β*-cell proliferation in Irs2 knockout mice \[[@B13], [@B14]\]. High-fructose feeding is confirmed to cause leptin resistance and leptin downstream signaling janus kinase 2/signal transducers and activators of transcription 3 (Jak2/Stat3) pathway impairment in peripheral tissues of rats \[[@B15]--[@B17]\]. Thus, we propose that fructose-impaired leptin signaling in pancreas may play a critical role in the direct and/or indirect induction on *β*-cell mass and function. Although there is limited evidence for direct involvement of Akt/FoxO1 pathway in the etiology of fructose-induced *β*-cell hyperplasia, hepatic FoxO1 dysregulation has been proved in high-fructose-fed hamsters with leptin resistance \[[@B18]\].

Quercetin as an important dietary flavonoid is found in a variety of plant-based foods such as red onions, apples, tea, broccoli, capers, lovage, parsley, red grapes, and berries \[[@B19]\]. Quercetin exhibits beneficial effects on human health with its broad pharmacological properties, including anti-inflammation and antioxidation \[[@B19]--[@B21]\]. Recently, quercetin is confirmed to alleviate hepatic fat accumulation and metabolic changes in western-style diet-fed animals \[[@B22], [@B23]\]. It also protects *β*-cell damage to ameliorate hyperglycemia in type 2 diabetic animals \[[@B24]--[@B26]\]. Our previous study showed that quercetin reduced serum insulin and leptin levels, improving insulin and leptin resistance with regulation of insulin and leptin signaling in the liver of fructose-fed rats \[[@B27]\]. However, the precise molecular mechanism of quercetin action against fructose-induced hyperinsulinemia has not been elucidated, which prompted us to evaluate the effects of quercetin on pancreatic Akt/FoxO1 pathway impairment involved in *β*-cell mass and function using fructose-treated rats and INS-1 *β*-cells.

In the present study, quercetin was found to prevent fructose-induced compensatory *β*-cell hyperplasia and preserve *β*-cell mass and function by suppressing Akt/FoxO1 phosphorylation in rats and INS-1 *β*-cells, which were associated with its improvement of pancreatic leptin signaling. The direct mechanism was that quercetin preserved nuclear FoxO1 transcription activation, thereby inhibiting Pdx1 and insulin gene expression in *β*-cells under high-fructose induction.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Fructose was provided for animals by Huikangyuan Biotechnology Co., Ltd. (Beijing, China) and for cells by Sigma-Aldrich (St. Louis, MO, USA). Quercetin (98%), recombinant rat leptin, Histopaque 1077, and DAPI were obtained from Sigma-Aldrich (St. Louis, MO, USA). Diagnostic kit for serum glucose levels was obtained from Jiancheng Biotech Institution (Nanjing, China). The enzyme-linked immunosorbent assay (ELISA) kits for serum insulin and leptin levels were purchased from Alpco Inc. (Salem, NH; Crystal Chem, Downers Grove, IL). Insulin ELISA kit used for measurement of INS-1 *β*-cell insulin secretion was from Millipore Corporation (MA, USA). Primary antibodies including rabbit polyclonal antibodies against FoxO1, phospho-FoxO1 (Ser256), Pdx1, Akt, p-Akt (Ser473), Jak2, p-Jak2 (Tyr1007), Stat3, p-Stat3 (Tyr705), suppressor of cytokine signaling 3 (Socs3), and *α*-tubulin were provided by Cell Signaling Technology (Boston, MA, USA) and Jak2 and p-Jak2 by Abcam (Cambridge, MA, USA). ECL-Plus Western blotting detection reagents were provided by Perkin Elmer (Wellesley, MA, USA). Mouse polyclonal antibody against insulin was obtained from Santa Cruz Biotechnology (CA, USA). Alexa Fluor 555 donkey anti-mouse IgG was obtained from Invitrogen (Carlsbad, CA, USA). Other chemicals of the highest analytical grade were purchased from Nanjing Sunshine Biotechnology Co., Ltd. (Nanjing, China).

2.2. Animal Experiments {#sec2.2}
-----------------------

Male Sprague-Dawley rats, weighted 250--280 g, were purchased from the Experimental Animal Center of Nanjing Medical University (Nanjing, China) and housed in a temperature- and humidity-controlled environment with a 12 h light-dark cycle. The animals had access to diet and water *ad libitum*. All animal use procedures were conducted in accordance with Chinese legislation on the Use and Care of laboratory animals and were approved by the Institute for Experimental Animals of Nanjing University.

Rats were fed either normal drinking water (as control group) or water containing 10% (wt/vol) fructose according to the previous report \[[@B15]\]. After 4 weeks, fructose-fed rats were divided into 3 subgroups (10 rats per group). One group (vehicle group) received 1 mL/kg water by intragastric administration. Other two groups were treated with 50 or 100 mg/kg quercetin suspended in water by intragastric administration (1 m/kg body weight) once daily from 2:00 PM to 3:00 PM for an additional 4 weeks, respectively. Simultaneously, drinking water with 10% (wt/vol) fructose was continued for all of the fructose-fed rats. The chosen quercetin dosages were based on our and other previous experiments \[[@B19]--[@B21], [@B27], [@B28]\]. Body weight was detected weekly, and oral glucose tolerance test (OGTT) was performed during the last week of the feeding period. At the end of experiments, tail-vein blood samples were collected and centrifuged (3000 g) at 4°C for 10 min to get serum for the measurement of glucose and insulin and leptin levels. Pancreases from 4 rats of each group were harvested for immunohistochemical analyses and islet morphometry as described in the following.

2.3. OGTT {#sec2.3}
---------

At the end of quercetin treatment, OGTT was performed. Rats were weighed and fasted for 14 h and then orally administered with glucose (1.5 g/kg body weight). Tail-vein blood samples were collected from the tip of the rat tails before glucose administration and at different times afterwards up to 120 min, which were centrifuged (3000 g) at 4°C for 10 min to get serum for glucose assay by the method described previously.

2.4. Isolation of Rat Islets {#sec2.4}
----------------------------

At the end of experiments, six rats in each group were injected i.p. with 100 *μ*g/kg leptin 30 min before they were anesthetized to investigate the response of pancreatic islet Akt/FoxO1 pathway to leptin action in normal group, and fructose-fed groups treated with vehicle or quercetin. Rat pancreatic islets were isolated by collagenase digestion \[[@B29]\] and used for RNA or protein extraction, respectively. In brief, animals were sacrificed and the pancreas was infused with a cold solution of collagenase P (1 mg/mL) in HBSS from the liver through a catheter introduced into the part of the choledoco running. Then the filled pancreas was extracted and digested at 37°C for 20 min. Islets were enriched on Histopaque 1077 (500 g, 15 min, 4°C) and purified by handpicking under a microscope.

2.5. Cell Culture and Treatment {#sec2.5}
-------------------------------

Isolated insulinoma cell line INS-1 *β*-cells were maintained in RPMI 1640 medium containing physiologic concentrations of glucose (5 mM) supplemented with 10 mM HEPES, 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 1 mM sodium pyruvate, and 50 mM 2-mercaptoethanol. According to the experimental design, fructose (1 mM) and/or quercetin (5--100 *μ*M) were added in baseline condition medium to stimulate cells, respectively. MTT colorimetric assay was used to measure cell proliferation *in vitro*. After treating, INS-1 *β*-cells were washed with PBS twice and fixed in 4% (vol/vol) paraformaldehyde for immunofluorescence staining according to the following method.

2.6. Insulin Secretion {#sec2.6}
----------------------

When INS-1 *β*-cells reached approximately 70% confluence, they were treated with fructose or/and quercetin according to each experimental condition in a 24-well dish. Insulin secretion from INS-1 *β*-cells was measured as described previously \[[@B30]\]. Before stimulation, *β*-cells were preincubated in 1 mL of Krebs-Ringer-bicarbonate-(KRB-) buffered solution without glucose for 1 h at 37°C to increase the sensitivity of *β*-cells to glucose. Cells were then incubated with 0.25 mL KRB buffer at 8.3 mM glucose for an additional hour, after which the supernatant was collected, for insulin measurement using insulin ELISA kits. Cells in the same well were subsequently collected and total protein contents were measured by a BCA protein assay kit. Under each experimental condition, we independently measured insulin from four separate wells, which were then averaged to represent a single value for the group. Averages of three to eight independent cell experiments were shown in this study.

2.7. Quantitative RT-PCR {#sec2.7}
------------------------

Reverse-transcribed RNA in rat islets and INS-1 *β*-cells was analyzed by real-time PCR using SYBR Green or TaqMan technology. The primers were used as follows: Pdx1, GTG CCA GAG TTC AGT GCT AAT CC (fwd) and ACT TCC CTG TTC CAG CGT TCC (rev); Ins1, CAA GTC CCG TCG TGA AGT G (fwd) and GCA GTA GTT CTC CAG TTG GTA G (rev); Ins2, CAG TCG GAA ACC ATC AGC AAG C (fwd) and CCA CCA AGT GAG AAC CAC AAA GG (rev). *β*-actin was used to normalize gene expression.

2.8. Western Blot Analysis {#sec2.8}
--------------------------

Whole cell protein extracts from rat islets and INS-1 *β*-cells were prepared as described previously \[[@B30]\]. Equal amounts of proteins from each group were fractionated by 10% (wt/vol) SDS PAGE, transferred to a nitrocellulose membrane, and incubated with primary antibodies of FoxO1, p-FoxO1 (Ser256), Pdx1, Akt, p-Akt (Ser473), Jak2, p-Jak2 (Tyr1007), Stat3, p-Stat3 (Tyr705), and Socs3. Proteins were detected using ECL-Plus Western blotting detection reagents and imaged using VersaDoc Imaging System (Bio-Rad). Bands were densitometrically quantified by Image Lab software (Bio-Rad).

2.9. Nuclear Extract Preparation {#sec2.9}
--------------------------------

Nuclear protein extracts from INS-1 *β*-cells were prepared using a detergent lysis procedure. Cells lysed in a buffer of 10 mM HEPES (pH 7.9), 1 mM EDTA, 1 mM dithiothreitol, 0.5% Nonidet P40, 0.4 mM phenylmethanesulfonyl fluoride, 0.01 ng/mL leupeptin, and 0.02 ng/mL aprotinin were incubated on ice for 30 min. Proteins were extracted from nuclear pellets by an incubation with a high-salt buffer containing 420 mM NaCl, 1 mM EDTA, 20 mM HEPES (pH 7.9), 20% glycerol, 1 mM dithiothreitol, 0.4 mM phenylmethanesulfonyl fluoride, 0.01 ng/mL leupeptin, and 0.02 ng/mL aprotinin with vigorous shaking. The nuclear debris was pelleted by a centrifugation at 2000 g for 30 min, and the supernatant was stored at −20°C. For the determination of FoxO1 and Pdx1 localization, Western blot analysis was conducted with nuclear protein extracts using rat FoxO1 and Pdx1 primary antibodies as described previously.

2.10. Islet Morphology and Immunohistochemistry {#sec2.10}
-----------------------------------------------

Pancreases of four rats in each group were rapidly dissected, weighed, fixed in 4% (vol/vol) paraformaldehyde, cut into 8 *μ*m section for hematoxylin and eosin (H&E), and immunofluorescence-stained as described previously \[[@B8]\]. Mouse polyclonal antibody against insulin was used to mark insulin in islets on pancreatic section. DAPI was used for nuclear staining. Alexa Fluor 555 donkey anti-mouse IgG was used for secondary antibody. Images were recorded by a Leica TCS SP5 confocal microscope (Leica, Richmond Hill, ON, Canada). *β*-cell mass was calculated by point counting morphometry on three to four immunofluorescence-stained sections of each pancreas as described previously \[[@B31]\]. Data were analyzed systematically using Image-Pro Plus 4.5 software (Media Cybernetics, Silver Spring, USA) covering at least 250 fields per rat.

2.11. Statistical Analysis {#sec2.11}
--------------------------

Statistical analyses were performed using 2-tailed Student\'s *t*-test when 2 conditions were compared and one-way or two-way ANOVA followed by Bonferroni post hoc test for multiple comparisons variance by the computer software Prism 5 from Graph-Pad Software Inc. (San Diego, CA). Results were represented as mean ± SEM (unless stated otherwise), and *P* value \<0.05 was considered significant.

3. Results {#sec3}
==========

3.1. Quercetin Blockaded Islets Hyperplasia in Fructose-Induced Rats {#sec3.1}
--------------------------------------------------------------------

Consistent with the previous studies \[[@B1], [@B2], [@B15]\], fructose-fed rats exhibited obesity, fasting hyperinsulinemia and hyperleptinemia, but did not develop fasting or postprandial hyperglycemia (Figures [1(a)](#fig1){ref-type="fig"}--[1(d)](#fig1){ref-type="fig"}). Furthermore, postprandial hyperglycemia was observed in OGTT in fructose-fed rats ([Figure 1(b)](#fig1){ref-type="fig"}). These results indicate that compensatory insulin secretion occurs under insulin resistance condition to control blood glucose levels in fructose-fed rats. Treatment with quercetin at 50 and 100 mg/kg significantly decreased body weight and fasting serum insulin and leptin levels and reduced serum glucose levels to the normal in OGTT (Figures [1(a)](#fig1){ref-type="fig"}--[1(c)](#fig1){ref-type="fig"}), suggesting its improvement of insulin and leptin resistance in this model.

Furthermore, optical and statistical results showed a 2-fold increase of islet size in high-fructose-fed rats compared with control group (Figures [1(d)](#fig1){ref-type="fig"}--[1(f)](#fig1){ref-type="fig"}). Pancreatic *β*-cell mass was also significantly increased secondary to the increased numbers of *β*-cells but not to the increased size of *β*-cells in these rats ([Figure 1(g)](#fig1){ref-type="fig"}), confirming the compensatory *β*-cell hyperplastic response to maintain normoglycemia. The treatment with quercetin at 50 and 100 mg/kg blockaded fructose-induced islet hyperplasia and *β*-cell mass in rats (Figures [1(d)](#fig1){ref-type="fig"}--[1(g)](#fig1){ref-type="fig"}). These observations indicate that quercetin preserved islet morphology in fructose-fed rats, possibly having prevention for the development of overt type 2 diabetes.

3.2. Quercetin Restored Fructose-Induced Akt/FoxO1 Pathway Activation in Islets of Rats {#sec3.2}
---------------------------------------------------------------------------------------

Western blotting showed significant phosphorylation enhancement of Akt at Ser473 (p-Akt) and FoxO1 at Ser256 (p-FoxO1) in islet lysate of fructose-fed rats by 1.9- and 4.3-fold, with the increased expression of FoxO1 protein levels by 3.1-fold (Figures [2(a)](#fig2){ref-type="fig"}--[2(c)](#fig2){ref-type="fig"}) compared with control group, respectively. These data demonstrated fructose-induced islet lysate Akt/FoxO1 pathway activation in fructose-fed rats, which might contribute to an increase in islet size and mass. Accordingly, Pdx1 mRNA and protein levels were significantly elevated in islet lysate of fructose-fed rats by 2.8- and 2.2-fold, respectively (Figures [2(a)](#fig2){ref-type="fig"}, [2(c)](#fig2){ref-type="fig"}, and [2(d)](#fig2){ref-type="fig"}). Islet Ins1 and Ins2 mRNA levels were also enriched in this model by 1.8- and 3.1-fold, respectively ([Figure 2(d)](#fig2){ref-type="fig"}). After the treatment with quercetin at 50 mg/kg, the increased expression levels of p-Akt, FoxO1, p-FoxO1, and Pdx1 were partly attenuated in islet lysate of fructose-fed rats, with a reduced tendency of Ins1 and Ins2 expression levels (Figures [2(a)](#fig2){ref-type="fig"}--[2(d)](#fig2){ref-type="fig"}). 100 mg/kg quercetin treatment completely restored the increased protein levels of p-Akt, FoxO1, p-FoxO1, and Pdx1, as well as the increased mRNA levels of Pdx1, Ins1, and Ins2 in islet lysate of fructose-fed rats (Figures [2(a)](#fig2){ref-type="fig"}--[2(d)](#fig2){ref-type="fig"}). Taken together, these data demonstrate that the preservation of quercetin on islet morphology and *β*-cell mass may be associated with its suppression of pancreatic Akt/FoxO1 activation in fructose-fed rats.

3.3. Quercetin Prevented Fructose-Induced Cell Proliferation and Insulin Secretion in INS-1 *β*-Cells {#sec3.3}
-----------------------------------------------------------------------------------------------------

*In vitro* study showed that INS-1 *β*-cell proliferation was significantly increased by 45% after 24 h incubation with 1 mM fructose, evidenced by results of MTT assay ([Figure 3(a)](#fig3){ref-type="fig"}), confirming the direct stimulation of fructose on *β*-cell mass. 5--20 *μ*M of quercetin treatment dose-dependently prevented fructose-stimulated INS-1 *β*-cell proliferation ([Figure 3(a)](#fig3){ref-type="fig"}), further suggesting its preservation of *β*-cell mass. Alone treatment of quercetin at 5--20 *μ*M showed no significant effect on the proliferation of INS-1 *β*-cells ([Figure 3(a)](#fig3){ref-type="fig"}), but at 50−100 *μ*M significantly decreased INS-1 *β*-cell proliferation ([Figure 3(a)](#fig3){ref-type="fig"}), showing potent cytotoxicity that was alleviated by 1 mM fructose.

As expected, 1 mM fructose significantly increased the ability of INS-1 *β*-cells to secret insulin ([Figure 3(b)](#fig3){ref-type="fig"}). Lower dosage of quercetin (5 and 10 *μ*M) increased insulin secretion in normal INS-1 *β*-cells, but failed to prevent the changes of insulin secretion in fructose-treated INS-1 *β*-cells ([Figure 3(b)](#fig3){ref-type="fig"}). It was noted that 20 *μ*M quercetin prevented the changes of insulin secretion in fructose-treated INS-1 *β*-cells, but not in normal cells ([Figure 3(b)](#fig3){ref-type="fig"}). However, 50 and 100 *μ*M quercetin showed potent cytotoxicity to significantly decrease cell proliferation and glucose-stimulated insulin secretion in normal and fructose-treated INS-1 *β*-cells ([Figure 3(b)](#fig3){ref-type="fig"}).

3.4. Quercetin Blocked Fructose-Induced Nuclear FoxO1 Translocation in INS-1 *β*-Cells {#sec3.4}
--------------------------------------------------------------------------------------

Time-course study showed that total FoxO1 protein levels were rapidly increased in INS-1 *β*-cells induced by 1 mM fructose within 4 h, and this augment in FoxO1 expression was sustained for up to 24 h ([Figure 4(a)](#fig4){ref-type="fig"}). Conversely, the nuclear FoxO1 protein levels were simultaneously decreased in fructose-treated INS-1 *β*-cells ([Figure 4(a)](#fig4){ref-type="fig"}). Nuclear import of FoxO1 contributes to the suppression of Pdx1 gene expression in *β*-cells of pancreas \[[@B32]\]. We also found that nuclear Pdx1 protein levels were markedly elevated in INS-1 *β*-cells induced by 1 mM fructose starting from 8 h and sustaining for up to 24 h ([Figure 4(a)](#fig4){ref-type="fig"}), further confirming that fructose impairs FoxO1 transcriptional suppression on Pdx1 in *β*-cells. 20 *μ*M quercetin time dependently prevented 1 mM fructose-stimulated protein alterations of total FoxO1, nuclear FoxO1, and nuclear Pdx1 in INS-1 *β*-cells ([Figure 4(a)](#fig4){ref-type="fig"}).

Furthermore, 24 h quercetin treatment dose-dependently suppressed the increased total FoxO1 protein levels and increased nuclear FoxO1 protein levels in 1 mM fructose-treated INS-1 *β*-cells and displayed the strongest effect at 20 *μ*M ([Figure 4(b)](#fig4){ref-type="fig"}). The increased Pdx1 protein levels in nuclear of INS-1 *β*-cells induced by 1 mM fructose were inhibited by quercetin at a dose-dependent manner and completely recovered to the normal at 10 and 20 *μ*M quercetin ([Figure 4(b)](#fig4){ref-type="fig"}), demonstrating the protection of quercetin against fructose-impaired FoxO1 transcriptional activation in *β*-cells.

3.5. Quercetin Reversed the Increased Phosphorylation of Akt in Fructose-Treated INS-1 *β*-Cells {#sec3.5}
------------------------------------------------------------------------------------------------

The elevated phosphorylation of Akt, upstream of FoxO1, was observed in INS-1 *β*-cells induced by 1 mM fructose starting from 4 h and sustaining for up to 24 h ([Figure 5(a)](#fig5){ref-type="fig"}). 20 *μ*M quercetin time-dependently reversed 1 mM fructose-induced p-Akt (Ser473) elevation in INS-1 *β*-cells ([Figure 5(a)](#fig5){ref-type="fig"}). In addition, 24 h quercetin treatment suppressed the increased p-Akt (Ser473) in this cell model at a dose-dependent manner ([Figure 5(b)](#fig5){ref-type="fig"}). These data provide another evidence for the regulation of quercetin on Akt/FoxO1 pathway in fructose-induced *β*-cell impairment.

3.6. Quercetin Improved Leptin Downstream Signals in Fructose-Treated INS-1 *β*-Cells {#sec3.6}
-------------------------------------------------------------------------------------

We also found that fructose reduced phosphorylation levels of Jak2 (Tyr1007) and Stat3 (Tyr705) in INS-1 *β*-cells ([Figure 6(a)](#fig6){ref-type="fig"}). Conversely, 1 mM fructose significantly increased Socs3 expression, an inducible inhibitor that negatively regulates Stat signaling pathway, in INS-1 *β*-cells ([Figure 6(b)](#fig6){ref-type="fig"}). These data indicate the impairment of fructose on leptin downstream signaling in *β*-cells. Quercetin treatment for 24 h dose-dependently upregulated the decreased p-Jak2 and p-Stat3 ([Figure 6(a)](#fig6){ref-type="fig"}), as well as reduced Socs3 expression ([Figure 6(b)](#fig6){ref-type="fig"}) in fructose-incubated INS-1 *β*-cells. 20 *μ*M quercetin completely corrected fructose-induced phosphorylation changes of Jak2 and Stat3 in this cell model ([Figure 6(a)](#fig6){ref-type="fig"}).

4. Discussion {#sec4}
=============

Fructose-induced hyperinsulinemia is associated with pancreatic *β*-cell compensative insulin secretion and islets hyperplasia in humans and animals, predicting the onset of type 2 diabetes and metabolic diseases \[[@B4], [@B33], [@B34]\]. Here, we demonstrated that quercetin improved leptin signaling impairment and preserved islets morphology and *β*-cell function under high-fructose induction by regulating Akt/FoxO1 pathway, as well as Pdx1 and insulin gene expression in *β*-cells.

Akt/FoxO1 pathway links leptin signaling to Pdx1 regulation of pancreatic *β*-cell function and growth \[[@B12], [@B32], [@B35]\]. Our results demonstrated that fructose induced activation of pancreatic Akt/FoxO1 pathway in rats and INS-1 *β*-cells, which contributed to the increased *β*-cell mass and insulin secretion *in vivo* and *in vitro*. Quercetin as an antioxidant and anti-inflammatory agent possesses various potential effects. It can prevent the reduction of glucose or STZ-stimulated insulin secretion in rat islets \[[@B36]\] and protect *β*-cells against cytokine and STZ-induced damage \[[@B37], [@B38]\]. Moreover, quercetin is confirmed to effectively control postprandial blood glucose levels in STZ-induced diabetic rats and db/db mice, suggesting that it is a leading potential candidate for the prevention and treatment of diabetes \[[@B39], [@B40]\]. Our previous study found that quercetin normalized cyclical insulin and leptin levels and improved insulin and leptin signaling in liver and kidney of high-fructose-fed rats, showing beneficial effects on insulin and leptin resistance \[[@B27]\]. In the present study, quercetin was found to restore fructose-induced compensatory hyperplasia in rats, further confirming its protection of *β*-cells. These observations indicate that quercetin possibly prevents the onset of prediabetes driven by excess fructose. Indeed, direct phosphorylation by Akt inhibits transcriptional activation of FoxO1, causing its translocation from the nucleus into the cytoplasm \[[@B41]\]. Interestingly, quercetin was found to reduce phosphorylation levels of Akt and FoxO1 in fructose-fed rat islets and increase the nuclear FoxO1 levels in fructose-treated INS-1 *β*-cells. In parallel, the elevated phosphorylation levels of Akt in fructose-treated INS-1 *β*-cells were also restored by quercetin. Moreover, quercetin suppressed Pdx1, Ins1, and Ins2 protein or gene expressions in fructose-treated rat islets and INS-1*β*-cells, implying that quercetin preserves fructose-induced nuclear FoxO1 activation by regulating insulin signaling. Therefore, the protective effect of quercetin on *β*-cells from high-fructose-induced insulin secretion enhancement and islet hyperplasia seems to occur through the modulation of pancreatic Akt/FoxO1 activation.

Leptin signaling suppresses insulin secretion in physiological condition \[[@B42], [@B43]\]. Leptin resistance in pancreatic *β*-cells is suggested to contribute to hyperinsulinemia, *β*-cell failure, and consequent glucose intolerance in the obese state \[[@B7], [@B44]\]. The absence of leptin signaling significantly enhances phosphorylation of Akt and FoxO1, possibly resulting in an increase of *β*-cell size and islet mass in MIN6 *β*-cells and pancreas-ObR-KO mice \[[@B7]\]. FoxO1 in turn binds to Stat3 and inhibit in Stat3-mediated leptin actions *in vivo* and *in vitro* studies \[[@B45], [@B46]\]. It was noted that the increased activation of Akt/FoxO1 pathway was observed in islet of fructose-fed rats under leptin stimulation in this study, indicating that impairment of fructose on leptin signaling and its action contributed to the increased FoxO1 expression. The reduction of Jak2/Stat3 phosphorylation levels in fructose-treated INS-1*β*-cells provided the direct evidence for this impairment. More studies demonstrate that Jak2/Stat3 pathway may be a molecular target for quercetin\'s antioxidant and anti-inflammatory effects \[[@B20], [@B47]\]. In our previous study, quercetin improved leptin resistance and repaired renal Jak2-Stat3 pathway in fructose-fed rats \[[@B27]\]. In this study, quercetin treatment elevated phosphorylation levels of Jak2 and Stat3 in fructose-treated INS-1 *β*-cells, suggesting that quercetin repairs leptin signaling disruption. Therefore, quercetin-mediated FoxO1 expression reduction may be related to its upregulation of p-Stat3 in fructose-treated INS-1 *β*-cells. The increased Socs3, a negative regulator of leptin signaling, is suggested to be responsible for leptin resistance in peripheral tissues of fructose-fed rats \[[@B15], [@B16]\]. Quercetin treatment suppressed Socs3 expression in fructose-incubated INS-1 *β*-cells. Thus, improvement of leptin signaling with suppression of pancreatic Akt/FoxO1 activation by quercetin is considered to be one of the molecular mechanisms of its protection of fructose-induced compensative *β*-cells and hyperinsulinemia.

Hyperinsulinemia is associated with cardiovascular diseases and obesity \[[@B48]\]. Quercetin is suggested to be a candidate for reducing cardiovascular risk factors in humans \[[@B49]\] and preventing human obesity-related diseases \[[@B21]\]. It has been reported that dried grapes rich in quercetin reduce postprandial insulin response, modulate glucose absorption, and enhance leptin and ghrelin-mediated satiety in humans \[[@B50]\], suggesting that quercetin may be used as a nutritional and available supplement to improve health status in patients with diabetes \[[@B51]\]. Thus, the full spectrum of quercetin benefits needs to be evaluated appropriately in the treated and placebo subjects with or without excess fructose consumption.

In conclusion, our experimental results demonstrated that quercetin prevented compensatory *β*-cell hyperplasia in fructose-treated rats and INS-1 *β*-cells by decreasing pancreatic Akt/FoxO1 activation and affecting FoxO1 nuclear translocation. This protective effect of quercetin may be associated with the improvement of leptin resistance in whole body and leptin signaling in *β*-cells. This study provides more evidence for quercetin to be considered as a nutritional agent with potential for the prevention and treatment of hyperinsulinemia and its related metabolic diseases caused by high-fructose intake.
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![Protective effects of quercetin on fructose-induced insulin hypersecretion and islets hyperplasia. Rats were fed with 10% (wt/vol) fructose for 8 weeks and treated with 50 or 100 mg/kg quercetin in the last 4 weeks. (a) Body weight, (b) OGTT assay, and (c, d) fasting serum insulin and leptin levels were tested in rats (*n* = 8). (e) H&E staining (×400) and immunofluorescence staining (scale bars represent 50 *μ*m) in pancreas sections. Representative images were showed for insulin (red) of pancreas sections. Nuclei were stained with DAPI (blue). Mean islet area (f) and *β*-cell mass (g) were estimated by morphometric analyses. Mean islet area was detected, at least 20 islets from 4 individual rats for each genotype. Data were presented as the mean ± SEM. ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, and ^\#\#\#^ *P* \< 0.001 relative to untreated control group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 relative to fructose-fed rats treated with water (vehicle).](ECAM2013-303902.001){#fig1}

![Effects of quercetin on the increased expression of FoxO1, Pdx1, and insulin gene in islets of fructose-fed rats. Rats were fed with 10% (wt/vol) fructose for 8 weeks, treated with 50 or 100 mg/kg quercetin in the last 4 weeks, and injected i.p. with 100 *μ*g/kg leptin 30 min before they were anesthetized. (a) The bands of Western blot analyses for protein levels of Akt, p-Akt, FoxO1, p-FoxO1, and Pdx1 in islets of rats. (b, c) The intensity of bands was measured, and the ratio of treated samples to untreated control was showed. (d) Real-time PCR for gene expression levels of Pdx1 and Ins1/2 in islets of rats. Islets were from three to four individual mice in each group, and data were presented as the mean ± SEM of three independent experiments. ^\#^ *P* \< 0.05 and ^\#\#^ *P* \< 0.01 relative to untreated control group; \**P* \< 0.05 and \*\**P* \< 0.01 relative to fructose-fed rats treated with water (vehicle).](ECAM2013-303902.002){#fig2}

![Effects of quercetin on cell proliferation and insulin secretion in INS-1 *β*-cells with or without 1 mM fructose treatment. INS-1 *β*-cells were treated with 5--100 *μ*M quercetin in the absence or presence of 1 mM fructose from 24 h. Data were presented as the mean ± SEM of three to six independent experiments. ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, and ^\#\#\#^ *P* \< 0.001 relative to control cells without fructose and quercetin treatment; \**P* \< 0.05 and \*\**P* \< 0.01 relative to vehicle cells only with fructose treatment.](ECAM2013-303902.003){#fig3}

![Time-course (a) and dose-dependent (b) effects of quercetin on protein levels of total FoxO1 and nuclear FoxO1 and Pdx1 in fructose-treated INS-1 *β*-cells. INS-1 *β*-cells were treated with 1 mM fructose in the absence or presence of 5, 10, and 20 *μ*M quercetin. Data were presented as the mean ± SEM of three to six independent experiments. ^\#^ *P* \< 0.05 and ^\#\#^ *P* \< 0.01 relative to untreated control cells; \**P* \< 0.05 and \*\**P* \< 0.01 relative to fructose-treated vehicle cells.](ECAM2013-303902.004){#fig4}

![Time-course (a) and dose-dependent (b) effects of quercetin on the elevated phosphorylation of Akt in fructose-treated INS-1 *β*-cells. INS-1 *β*-cells were treated with 1 mM fructose in the absence or presence of 5, 10, and 20 *μ*M quercetin. Data were presented as the mean ± SEM of three to six independent experiments. ^\#\#^ *P* \< 0.01 relative to untreated control cells; \*\**P* \< 0.01 relative to fructose-treated vehicle cells.](ECAM2013-303902.005){#fig5}

![Effects of quercetin on the reduced phosphorylation of Jak2-Stat3 pathway (a) and the increased expression of Socs3 (b) in fructose-treated INS-1 *β*-cells. INS-1 *β*-cells were treated with 1 mM fructose in the absence or presence of 5, 10, and 20 *μ*M quercetin for 24 h. Data were presented as the mean ± SEM of three to six independent experiments. ^\#^ *P* \< 0.05 and ^\#\#^ *P* \< 0.01 relative to untreated control cells; \**P* \< 0.05 and \*\**P* \< 0.01 relative to fructose-treated vehicle cells.](ECAM2013-303902.006){#fig6}
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